Thermal quenching mechanism of photoluminescence in 1.55 m Ga In N As Sb Ga ( N ) As quantum-well structures Appl. Phys. Lett. 89, 101909 (2006) We present a self-consistent model for the analysis of the carrier distribution, the band profile, and the transition energy of type-II aligned GaAs/ GaSb/ GaAs structures under optical excitation. The model considers the surface states as an electron reservoir, associated with pinning of the conduction band Fermi level at the midgap. In our model, the optical generated holes in the GaSb quantum well causes a potential well on one side of the GaSb layer, which can efficiently accommodate the optically generated electrons. Accordingly, we derive a relation connecting the excitation power to the carrier density. Using the relation and the effective triangular potential approximation, we obtain a simple formula for the transition energy shift as a function of the excitation power, which follows the cube-root rule quite well. The calculation allows the determination of the band offset of a type-II heterointerface by comparison with data from photoluminescence measurement. The result suggests the unstrained valence band offset of GaSb/ GaAs to lie between 0.5 and 0.55 eV. We also present a simplified model for analyzing the electronic and optical properties of type-II heterostructures without the need of a self-consistent calculation.
Analysis of GaAs/ GaSb/ GaAs structures under optical excitation considering surface states as an electron reservoir
We present a self-consistent model for the analysis of the carrier distribution, the band profile, and the transition energy of type-II aligned GaAs/ GaSb/ GaAs structures under optical excitation. The model considers the surface states as an electron reservoir, associated with pinning of the conduction band Fermi level at the midgap. In our model, the optical generated holes in the GaSb quantum well causes a potential well on one side of the GaSb layer, which can efficiently accommodate the optically generated electrons. Accordingly, we derive a relation connecting the excitation power to the carrier density. Using the relation and the effective triangular potential approximation, we obtain a simple formula for the transition energy shift as a function of the excitation power, which follows the cube-root rule quite well. The calculation allows the determination of the band offset of a type-II heterointerface by comparison with data from photoluminescence measurement. The result suggests the unstrained valence band offset of GaSb/ GaAs to lie between 0.5 and 0.55 eV. We also present a simplified model for analyzing the electronic and optical properties of type-II heterostructures without the need of a self-consistent calculation. © 2009 American Institute of Physics. ͓DOI: 10.1063/1.3129616͔
I. INTRODUCTION
The GaSb/ GaAs heterostructures have received much attention because of their peculiar type-II band alignment that can cause interesting electrical and optical properties. The state-of-the-art epitaxy technology has permitted growth of high-quality GaSb quantum wells ͑QWs͒ and selfassembled quantum dots embedded in the GaAs matrix. [1] [2] [3] [4] [5] However, until now there still lacks a compelling unambiguous figuration for the band alignment. The difficulty in determining the band offset arises from the abnormal band profile of the highly strained GaSb/ GaAs structure which may be influenced by external pumping in photoluminescence ͑PL͒ measurement. It therefore requires an appropriate model along with an ingenious experimental arrangement to explore the detail about the band profile.
There have been a few studies attempting to figure out the electronic structure of the GaSb/ GaAs QW.
1-8 Ledentsov et al.
2 made a theoretical calculation of PL peak energy for the GaSb/ GaAs structure but found a large discrepancy. Lo et al. 3 attributed the discrepancy to the choice of an incorrect valence band offset ͑VBO͒ and estimated the unstrained VBO for the GaSb/ GaAs alignment to be about 0.4 eV from their PL measurement and theoretical calculation. Qteish and Needs 6 used self-consistent pseudopotential techniques to determine the band offset. They found a strained VBO of 1.1 eV, corresponding to a high unstrained VBO of 0.88 eV. Nakai and Yamaguchi 7 predicted an even higher VBO value from the PL transition energy for 1 monolayer ͑ML͒ GaSb/ GaAs QW structures. All the aforementioned studies did not take into account seriously the effect of carrier accumulation which is important in the type-II QW structure. It needs a calculation with the Schrödinger and the Poisson equations solved self-consistently. Liu et al. 8 considered the carrier accummulation and estimated the unstrained VBO to be about 0.6 eV by fitting their calculation to the experimental data for GaAsSb/ GaAs QWs. However, the surface condition, which can significantly influence the band profile for the samples grown with the GaSb layer near the surface, has not yet been imposed properly on the calculations.
In this paper we demonstrate a self-consistent model that considers the surface states as a reservoir of electrons associated with pinning of the conduction band Fermi level at the midgap. 9, 10 By this model, we analyze the charge distribution, the band profile, and the transition energy for GaAs/ GaSb/ GaAs structures under optical excitation. The resulting band profile and carrier distribution are different in character from those by the conventional symmetric band model. 2, 3, 8 Based on the configuration of carrier distribution, we derive a relation connecting the excitation power to the carrier density and also a relation of the transition energy shift versus the excitation power. Our model accompanied with experimental data from PL measurement is then used to determine the unstrained VBO of GaSb/ GaAs. We also give a simplified version of the model that needs no selfconsistent calculation. It will be useful and convenient for analyzing experimental data. This paper is organized as follows. In Sec. II, we will describe the self-consistent model. Formulas connecting the calculation to the PL measurement will be derived in Sec. III. We will then use our theoretical model to determine the VBO of GaSb/ GaAs by comparison with the measured data in Sec. IV. A simplified model and discussion with respect to it will be given in Sec. V. Finally, we draw a conclusion in Sec. VI.
II. SELF-CONSISTENT MODEL
We consider GaAs/ GaSb/ GaAs QW structures, as an example, which are basically the same as those in Ref. 3. They were formed with a thin GaSb layer sandwiched between two 150 nm GaAs epilayers ͑nominally undoped, the acceptor concentration is N a Ϸ 10 15 cm −3 ͒, grown on the ͑100͒ n-type GaAs substrate ͑the donor concentration is N d Ϸ 10 18 cm −3 ͒. In the samples there was an additional GaSb surface submonolayer ͑Ϸ0.5 ML͒ grown on the GaAs capping layer to check the thickness of the GaSb QW. In the present work, we neglect this surface layer because it will not influence significantly our calculation. Almost all the parameters in our calculation are adopted from Ref. 11 . The unstrained VBO of GaSb/ GaAs is set at 0.55 eV for the moment.
It is instructive first to consider the case at thermal equilibrium. In the present study, the surface states of GaAs serve as a high density-of-states reservoir of electrons such that the Fermi level can be assumed to be pinned at the midgap. At the interface between the GaAs epilayer and the GaAs substrate, the Fermi level is near the conduction band edge because of the heavily doping of the n-type substrate. As a result, the band profile of the GaAs/ GaSb/ GaAs structure can simply be drawn as shown in Fig. 1 , where the GaSb QW is just inserted at the midpoint of a 300 nm GaAs layer subjected to a uniform internally built-in electric field F 0 = E g / 2ed ͑here E g is the band gap of GaAs, e is the elementary charge, and d = 300 nm is the sum of the lengths of the GaAs epilayers͒. Detailed calculation considering the charge distribution in each of the layers results in an indistinguishable band profile for the samples since the charge density other than at the two end boundaries is negligibly small. The simple picture in Fig. 1 also reveals that there are excess electrons trapped by the surface states and balanced positive charge of ionized donors at the interface between the GaAs epilayer and the n-GaAs substrate. The excess electron density at the surface can easily be estimated to be n s0 = ⑀F 0 / e = 1.85ϫ 10 11 cm −2 , where ⑀ is the permittivity of GaAs. Also shown in the figure are the envelope function h of the first valence subband edge state of the GaSb/ GaAs QW and the one c of a quasibound conduction subband edge state confined to the left of the GaSb barrier. The valence subband states have a lifetime much longer than that of any observable electronic process so as to be regarded as localized states. On the other hand, the lifetime of the quasibound conduction subband states is as short as of the order of 10 −12 s for a 2 ML GaSb barrier, estimated by the approach in Ref. 12 . This implies that under extremely weak optical excitation, the optically generated holes can be captured and populate into the QW but the electrons cannot accumulate around the GaSb barrier. With increasing optical pumping power, more electron-hole pairs are generated and then more electrons ͑holes͒ are trapped at the surface ͑QW͒ states, leading to a higher built-in electric field F L in region L which is the region of the GaAs layer to the left of the GaSb layer and screening the electric field in region R which is the region of the GaAs layer to the right of the GaSb layer.
For the pumping power I above a critical value I cr , the band profile is such that there appears a localized conduction subband in region R, as illustrated in Fig. 2 , and hence, electrons can accumulate around the GaSb barrier. It is obvious that for samples subjected to the critical power excitation, the band profile of region R is approximately flat and the electric field in region L is about 2F 0 ͑i.e., twice the field at thermal equilibrium͒. Accordingly, the surface charge density at the critical condition n s,cr is about 2n s0 ͑=3.7ϫ 10 11 cm −2 ͒. Further increasing the pumping power when I Ͼ I cr can significantly increase the electron concentration n in region R but cause only a slight increase in the percentage of the hole concentration p in the QW because there has existed a considerable hole concentration in the QW at the critical condition I = I cr . Because of the efficient accumulation of electrons in region R, the electric field F L in region L is expected to be insensitive to the pumping power above the critical condi- tion; otherwise, a significant increase in F L would imply an enhanced accumulation of electrons in region R, which conversely reduces F L . Based on the above arguments without complicated calculation, we conclude that only when I Ͼ I cr can significant PL involving GaSb/ GaAs QW states be observed. Also we can make reasonable assumptions for our self-consistent calculation scheme appropriate to the PL experiment. In our model, the conduction and the valence band profiles are given by
respectively, where E c0 and E v0 are the flat band profiles of the conduction and the valence bands, respectively, and ⌽ is the electric potential which is the solution of the Poisson equation,
Here, ⑀ is the electric permittivity, and p, n, N d + , and N a − are the densities of holes, electrons, ionized donors, and ionized acceptors, respectively. The N d + and N a − are given by
where E d ͑E a ͒ is the donor ͑acceptor͒ level, E Fc ͑E Fv ͒ is the quasi-Fermi level of the conduction ͑valence͒ band, k B is the Boltzmann constant, and T is the temperature. We set the doping concentrations at zero for the epilayers. For the hole concentration p, we consider only the holes occupying the first subband in the QW and take the parabolic band approximation, giving
where p w is the sheet concentration of holes ͑in cm −2 ͒ expressed by
with m h as the hole effective mass and E h as the level of the first valence subband edge. The approximation is applicable to the case of a narrow QW under low excitation at low temperature. For the electron concentration n, we use
where the first term accounts for the electrons occupying the first conduction subband and the second term accounts for the residual electrons that are free from the quantization confinement. n w is the sheet concentration of electrons in the first subband expressed by
with m e as the electron effective mass and E e as the level of the first conduction subband edge. The omission of other subbands is because of their absence in the shallow QW, as will be the case in the present study. In the second term in Eq. ͑6͒, F 1/2 is the Fermi integral and E c,eff is the profile of the effective conduction band edge for the three-dimensional density of states, g 3D ͑E͒␣ ͱ E − E c,eff ͑with E as the energy͒. A reasonable E c,eff profile is set as ͓see Fig. 2͑b͔͒ E c,eff ͑z͒
where z b is the position at which E c ͑z͒ has a local maximum in region R and z a is the position at which E c ͑z a ͒ = E c ͑z b ͒ in region L. It is noticed that the isotropic parabolic band approximation is taken only for the simple formulas of carrier concentrations but not for calculating the envelope functions and the levels of the subband edge states. The envelope functions h and e associated with their energies E h and E e , respectively, are calculated by the eight-band k · p model.
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The quasi-Fermi level E Fc of the conduction band is assumed to be flat ͑and set as the energy reference͒ because there is no applied voltage bias and the thickness of the structure is small compared to the electron diffusion length. The Poisson equation ͑2͒ is solved under the Dirichlet boundary condition: at the surface, the E Fc is assumed pinned at the midgap and at the other boundary, which is set at a place deep enough inside the substrate, the conduction band edge E c relative to E Fc is determined by the doping concentration N d =10 18 cm −3 . A self-consistent calculation with the Schrödinger and the Poisson equations is then performed for the band profile and the carrier distributions. The charge neutrality of the whole structure is ensured by the flatness of the band inside the substrate. In the calculation, the value of the hole effective mass m h of strained GaSb is given by Ref. 6 and all the other parameters used in the calculation are given by Ref. 11. The temperature is set at T = 15 K for comparision with the experiment in Ref. 3 . Now that only the holes occupying the first subband are considered, it is convenient to use the sheet density of the holes p w as the input parameter in calculating the band profile and carrier distributions. We find that the localized conduction subband appears only when p w is greater than a crital value p cr , which is found to be 3.8ϫ 10 11 cm −2 . For p w Ͻ p cr , the calculation based on formulas ͑1͒-͑8͒ cannot converge. For p cr Ͻ p w Ͻ 4.5ϫ 10 11 cm −1 , we find that the built-in electric field in region L is almost fixed and the surface excess electron density n s is nearly fixed at 3.75 ϫ 10 11 cm −2 , which is slightly higher than 2n s0 ͑=3.7ϫ 10 11 cm −2 ͒ and slightly lower than p cr . The increase in p w causes only the increase in n in region R. Figure  3 shows the sheet density of the subband electrons, n w , and the difference p w − n s as functions of p w . The range of p w in the figure corresponds to the consequence that the differences, E Fc − E e and E h − E Fv , do not exceed several meV, in accordance with our low excitation assumption. As can be seen, both n w and p w − n s curves are linear and parallel to each other. Accordingly, we can write
where N res =6ϫ 10 9 cm −2 is the sheet density accounting for the residual charge other than the charges of p w , n w , and n s . Similar to n s , the N res is almost independent of p w . The results and argument so far are basically independent of the thickness of the GaSb layer.
The simultaneous increase in p w and n w will cause deepening of the electron QW and shifting of the conduction subband edge. Figure 4 shows ⌬E͑ϵE e − E c,min ͒, which is the conduction subband edge E e measured from the minimum of E c ͑denoted by E c,min ͒ as indicated in Fig. 2͑b͒ , versus p w − n s , obtained by three different calculations. The triangular potential approximation ͑TPA͒ is conventionally used to estimate ⌬E. In TPA, the ⌬E can be expressed by
which is obtained using an infinite triangular potential profile of a uniform electric field F to replace the realistic potential profile in region R. For
which is the electric field at the bottom of the realistic QW, we find a significant overestimate of ⌬E obtained by TPA compared to the result obtained by our self-consistent calculation, as shown in Fig. 4 . The deviation is enhanced with p w − n s increasing. It can be considerably eliminated by the effective triangular potential approximation ͑ETPA͒ that uses an average electric field
where is in the range of 0 Ͻ Ͻ 1 and to be used as a fitting parameter. We find that the ⌬E obtained by ETPA with = 0.638 almost coincides with the result by the selfconsisent calculation in the range of p w − n s from 1 ϫ 10 10 to 7 ϫ 10 10 cm −2 The ETPA will be useful in later analysis and is also popular in device modeling.
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III. CONNECTION OF CALCULATION TO EXPERIMENT
To connect the theoretical calculation to the PL experiment, it is required to have a relation between the excitation power I and the hole density p w for samples in a steady state. Under the steady state condition, the excitation of carriers is balanced by the recombination of carriers. Ledentsov et al. 
This is the famous cube-root relation between the energy shift and the excitation power. 2-5 Relation ͑14͒ allows one to determine ␣ by PL measurement of the relation of the transition energy E e − E h versus I since ⌬E is equal to the transition energy minus the separation E c,min − E h , which is almost independent of I. We can then obtain the optically generated hole density p w as a function of excitation power I by Eq. ͑13͒.
The situation is more complicated for the p w -I and the ⌬E-I relations appropriate to our model. To derive the relations, we notice that the carrier recombination process occurs primarily not only in the neighborhood of the QW but also at the surface. Since the surface states is assumed to be an electron reservoir associated with pinning of the Fermi level at the midgap, the surface recombination rate is totally determined by the flow of optically generated holes toward the surface in region L. The hole current is proportional to the product of the driving electric field F L and the hole density. For I Ͼ I cr ͑p w Ͼ p cr ͒, as has described previously, F L is nearly independent of p w ͑and thus of I͒. Since the hole generation rate is proportional to I, the surface recombination rate should also be proportional to I. Also, since the total recombination rate is proportional to I in steady state, we conclude that the rate of radiative recombination occuring around the QW is proportional to I. Consequently, considering the optical transition from the conduction to the valence subbands, we can write
The factor ͉͗ h ͉ e ͉͘ 2 is important in the expression because it increases with I increasing that causes deepening of the electron QW and enhances the overlap of wavefunctions. In fact, from our self-consistent calculation, we find that
for p cr Ͻ p w Ͻ 5 ϫ 10 11 cm −2 . Using Eqs. ͑16͒ and ͑9͒ for n w , we can rewrite Eq. ͑15͒ as
where ␤ is a coefficient that can be determined by experiment. Relation ͑17͒ with the ETPA ͓Eqs. ͑10͒ and ͑12͔͒ allows us to calculate the energy shift ⌬E versus I if ␤ is known. Figure 5 shows the curves of ⌬E versus I 1/3 obtained by our calculation with ␤ as a parameter, and also the experimental data from Ref. 3. Strikingly, the cube-root rule for the ⌬E-I relation is applied quite well to the present case. This can be understood by writing ⌬E in the form
where the factor f, defined as
changes slightly with the excitation power since the n s and the N res keep almost constant and the p w changes only within a small range. For n s = 3.75ϫ 10 11 cm −2 , N res =6ϫ 10 9 cm −2 , f varies from 1.17 to 1.03 as p w changes from 3.9 ϫ 10 11 to 4.1ϫ 10 11 cm −2 , corresponding to I changing from 1 to 10 mW, as will be seen in Fig. 6 .
The PL measurement cannot give the absolute value of ⌬E, as defined in Fig. 2͑b͒ , but the variation in the transition energy with I. In Fig. 5 , we plot the experimental data from Ref. 3 totally by shifting a common energy. The slope of the ⌬E-I 1/3 line best fit to the experimental data, which is 4.38 meV/ mW 1/3 , suggests the coefficient ␤ =2 ϫ 10 −33 mW cm 6 . With the known ␤, we can calculate the hole concentration p w as a function of I using Eq. ͑17͒. Figure 6 shows the p w versus I obtained by our model using Eq. ͑17͒ as well as that by the symmetric band model using Eq. ͑13͒. As expected, p w for our model changes slightly from 3.9 ϫ 10 11 to 4.1ϫ 10 11 cm −2 , within a range of 5%, with I changing from 1 to 10 mW, while for the symmetric band model, it changes considerably in percentage. It is only the electron concentration n w ͑or p w − n s ͒ that varies significantly with I in our model.
IV. VBO DETERMINATION
To determine the VBO of GaSb/ GaAs, we compare with the PL measurements 3 in Fig. 7 the calculated transition energies E e − E h for different thicknesses d w of the GaSb layer with the unstrained VBO as a parameter. The data in the figure correspond to an excitation power of 4 mW at which the hole concentrations p w are 4.15ϫ 10 11 and 4.0 ϫ 10 11 cm −2 for d w = 1 and 2 ML, respectively, obtained by Eq. ͑17͒. For d w = 3 ML, we cannot determine the corresponding value of p w due to insufficient experimental information for determining ␤. Fortunately, as has been implied by our model, the value of p w is basically insensitive to the GaSb layer thickness for a given I. We therefore assume p w to be 4.0ϫ 10 11 cm −2 for d w = 3 ML. The values of p w for the three different d w are used as inputs in the self-consistent calculation to give the data in Fig. 7 . The comparison in Fig. 7 suggests the unstrained VBO to lie between 0.5 and 0.55 eV, although the experimental and the calculated data for d w = 1 ML deviate from each other by about 0.03 eV ͑about 2%͒. The slight inconsistency may result from the uncertainty in the thickness of the narrow epilayer due to the difficulty in growth and/or the exchange reaction of As and Sb atoms near the interfaces.
Lo et al. 3 gave a similar determination of unstrained VBO but using the symmetric flat band model. Their calculated transition energy is slightly lower than ours by a factor of ⌬E. As a result, Lo et al.
3 obtained a lower unstrained VBO of 0.4 eV.
V. DISCUSSION AND SIMPLIFIED MODEL
We have demonstrated an analysis of the electronic properties of GaSb/ GaAs heterostructures under optical excitation by a self-consistent model. It is worthy to discuss the usability of our model if some constraints are released. Firstly, if the E Fc at the surface is assumed not necessarily to be pinned at the midgap but at a level E Fcs below the conduction band edge E c such that there is a uniform internally built-in electric field F 0 and no localized subband in region L at thermal equilibrium, the electric field will be F 0 = ͑E Fcs − E vs ͒ / ed associated with an excess electron density at the surface n s0 = ⑀F 0 / e, where E vs is the valence band edge at the surface. At the critical condition I = I cr , the electric field in region L is about F L = ͑E Fcs − E vs ͒ / ed L , the surface electron density is n s = ⑀F L / e, and the hole density in the QW is p w = p cr , which is slightly larger than n s , where d L is the thickness of region L and unnecessary to be equal to the thickness of the epilayer in region R. For I Ͼ I cr , the F L and hence n s is assumed to be constant and p w slightly increases with I. The p w -I relation ͑17͒ is still applicable and can reasonably be written as
In deriving Eq. ͑20͒, N res in Eq. ͑17͒ is neglected and p w is replaced by n s for the case of low excitation and low temperature. The coefficient ␤ can be determined by experiment using the formula
which is obtained from Eq. ͑18͒ by letting f =1.
The above results and argument do not depend significantly on the thickness d w of the GaSb layer and the VBO of GaSb/ GaAs if the d w is small enough and the GaSb layer is an efficient barrier for electrons such that the ETPA is applicable. Moreover, they can also be applied to other type-II heterostructures.
The transition energy E e − E h is the sum of ⌬E and E c,min − E h . The separation E c,min − E h depends basically only on the QW width d w and the VBO but is nearly independent of the excitation power. On the other hand, ⌬E depends on the excitation power but is nearly independent of d w and VBO. These characters allow us to determine the VBO, as in Fig. 7 , without the need of a self-consistent calculation. We can use formula ͑18͒ with f = 1 for ⌬E at a given I and the eight-band method for the relation between E c,min − E h and d w . Their sum then gives a relation between the transition energy and d w and can be used to determine the VBO by comparison with the measured transition energy. This simplified model will be useful and convenient in analysis of the electronic and the optical properties of type-II heterostructures.
VI. CONCLUSION
We have presented a self-consistent model that can be used to analyze the charge distribution, the band profile, and the interband transition energy for GaSb/ GaAs type-II QW structures under optical excitation. The model considers the surface states as an electron reservoir such that the Fermi level of the conduction band is pinned at a fixed level. In the model, the accumulation of optically generated holes in the GaSb QW causes a GaAs QW on one side of the GaSb layer which can efficiently accommodate optically generated electrons, different from the case in the conventional symmetric band model. Based on the distribution of carriers, we have derived, considering the wavefunction overlap, a relation connecting the excitation power to the generated hole density in the QW. Using the relation and the effective triangular potential approximation, we have obtained a relation between the shift of transition energy and the excitation power, which almost follows the cube-root rule. The derived formulas together with the data from PL measurement allow determining the band offset of a type-II aligned heterointerface. The result suggests the unstrained VBO to lie between 0.5 and 0.55 eV. We have also given a simplified version of the model without the need of a self-consistent calculation. It will be useful and convenient for the analysis of experimental data. 
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